Hrp1p is a heterogeneous ribonucleoprotein (hnRNP) from the yeast Saccharomyces cerevisiae that is involved in the cleavage and polyadenylation of the 39-end of mRNAs and mRNA export. In addition, Hrp1p is one of several RNAbinding proteins that are posttranslationally modified by methylation at arginine residues. By using functional recombinant Hrp1p, we have identified RNA sequences with specific high affinity binding sites. These sites correspond to the efficiency element for mRNA 39-end formation, UAUAUA. To examine the effect of methylation on specific RNA binding, purified recombinant arginine methyltransferase (Hmt1p) was used to methylate Hrp1p. Methylated Hrp1p binds with the same affinity to UAUAUA-containing RNAs as unmethylated Hrp1p indicating that methylation does not affect specific RNA binding. However, RNA itself inhibits the methylation of Hrp1p and this inhibition is enhanced by RNAs that specifically bind Hrp1p. Taken together, these data support a model in which protein methylation occurs prior to protein-RNA binding in the nucleus.
INTRODUCTION
Heterogeneous nuclear ribonucleoproteins (hnRNPs) are abundant RNA-binding proteins that were first isolated from the nuclei of vertebrate cells+ More than 20 different hnRNPs, designated A through U, have been identified (Dreyfuss et al+, 1993; Pinol-Roma, 1997 )+ hnRNPs associate with nascent polymerase II transcripts (Amero et al+, 1992; Dreyfuss et al+, 1993) and are involved in many steps of mRNA processing and nuclear transport+ The prototypical hnRNP, A1, is a 320-amino-acid protein consisting of two N-terminal RNA Recognition Motifs (RRMs) of 90 residues each and an arginine-glycine-rich C-terminal domain termed the "RGG box" (Dreyfuss et al+, 1993 )+ In addition to the ability of RRMs to bind RNA, the RGG boxes from several proteins such as hnRNP A1, hnRNP U and the HSV-1 protein, ICP27, have also been shown to mediate RNA-protein interactions (Kiledjian & Dreyfuss, 1992; Mears & Rice, 1996) + Several hnRNP-like proteins have been identified in the yeast Saccharomyces cerevisiae+ Temperaturesensitive mutants of one such protein, Npl3p (nuclear protein localization), display defects in nuclear transport of proteins and mRNA (Russell & Tollervey, 1992; Singleton et al+, 1995; Henry et al+, 1996; Lee et al+, 1996) + Recently, another hnRNP was identified in a screen for extragenic suppressors of a temperaturesensitive npl3 allele (Henry et al+, 1996) + This essential protein, Hrp1p (hnRNP-like protein), was also identified as the cleavage and polyadenylation factor CFIB (cleavage factor IB) through biochemical fractionation of yeast extracts (Kessler et al+, 1997 )+ Like hnRNP A1, both Hrp1p and Npl3p contain two RRMs and an arginine-glycine-rich C-terminus and have been shown to bind RNA directly (Wilson et al+, 1994; Russell & Tollervey, 1995; Kessler et al+, 1997) + Both Npl3p and Hrp1p have been implicated in mRNA export+ Although these proteins localize to the nonnucleolar region of the nucleus at steady state (Bossie et al+, 1992; Wilson et al+, 1994; Henry et al+, 1996) , they shuttle between the nucleus and the cytoplasm, perhaps aiding in the export of mRNA (Flach et al+, 1994; Lee et al+, 1996; Kessler et al+, 1997 )+ Some temperature-sensitive npl3 alleles have been shown to have RNA-export defects (Russell & Tollervey, 1995; Singleton et al+, 1995; Lee et al+, 1996) and the process of polyadenylation, in which Hrp1p plays an important role, has been implicated in RNA export (Eckner et al+, 1991; Liu, 1994; Huang & Carmichael, 1996) + Regulation of hnRNPs for their various functions in RNA metabolism may occur via posttranslational modifications+ Many hnRNPs have been shown to undergo phosphorylation (e+g+, Cobianchi et al+, 1993; PinolRoma & Dreyfuss, 1993) , glycosylation (Soulard et al+, 1993) or methylation (e+g+, Liu & Dreyfuss, 1995) + In fact, hnRNPs contain about 65% of the methylated arginines in the cell nucleus (Boffa et al+, 1997 )+ This methylation has been shown to be an asymmetric dimethylation (N G , N G ) of arginines within the RGG boxes of hnRNPs (Rajpurohit et al+, 1992; Kim et al+, 1997 )+ Arginine methyltransferases have been identified in a number of eucaryotes, including the yeast enzyme Hmt1p (hnRNP methyltransferase) (Gary et al+, 1996; Henry & Silver, 1996) , which methylates Npl3p, Hrp1p, and hnRNP A1 in vitro (Henry & Silver, 1996; Shen et al+, 1998 )+ In the absence of the nonessential yeast HMT1 gene, Npl3p and Hrp1p fail to exit the nucleus, suggesting that methylation is critical for the export of these mRNA-binding proteins (Shen et al+, 1998 )+ However, the molecular level at which methylation is affecting transport is not clear; methylation may influence protein-nucleic acid interactions (Calnan et al+, 1991; Rajpurohit et al+, 1994) , protein-protein interactions, or protein stability (Rajpurohit et al+, 1994) + To understand the role of methylation in regulating Hrplp's function in mRNA processing and export, we used in vitro selection to identify consensus RNAbinding sites for Hrp1p+ These in vitro selected RNAs were used to test whether methylation affects Hrp1p's ability to bind specifically to single-stranded RNA+ To elucidate the order of the events of methylation and RNA binding, we then examined the methylation of Hrp1p that was first bound to RNA+
RESULTS

Selection of RNA ligands for Hrp1p
To characterize specific RNA-binding sites for Hrp1p, an in vitro selection experiment using GST-Hrp1p bound to glutathione-sepharose beads and a pool of randomized RNAs was carried out (Fig+ 1)+ The randomized pool of RNAs was obtained by in vitro transcription of an amplified oligonucleotide library (linear N25) which contained a 25-nt randomized core region flanked by conserved regions+ Within these conserved regions lie the T7 promoter used for in vitro transcription and the sequences necessary for primer binding in the RT-PCR reactions+ Selected RNAs were recovered and reverse transcribed to generate DNA templates for the next round of selection+ After six rounds of selection, a pool of randomized transcripts enriched for binding to GST-Hrp1p was obtained+ RT-PCR products generated after six rounds of selection were cloned into pBluescript SKϩ and 25 clones were sequenced+ Sequences of the randomized region of twenty-two clones are presented in Table 1+ The selected sequences are UA-rich and contain a stretch of three UAs as highlighted+ Selection of UA-rich sequences by GST-Hrp1p is consistent with a previous report which demonstrated that GST-Hrp1p does not crosslink efficiently to the GAL7-3 transcript which lacks a stretch of six UAs in its 39 untranslated region (UTR) (Kessler et al+, 1997 )+ Clone C43 contains a second stretch of UAs, which is underlined in Table 1+ In the case of the C30 clone, no stretch of three UAs was found+ This clone contains two UAs and probably corresponds to a weak RNA ligand that would be lost in successive rounds of selection+ Therefore, the C30 clone served as negative control for binding studies+ Three clones could not be sequenced completely and therefore were not included in this study+
Since the in vitro selection was performed with a GST fusion protein, we tested whether the selected RNAs bind specifically to the Hrp1p portion+ [a- 32 P]-UTP-labeled transcripts were synthesized and mixed with GST-Hrp1p or GST alone+ Mixtures were irradiated with UV light, treated with RNase and resolved by Figure 2 shows the results from a crosslinking experiment using transcripts prepared from eight of the in vitro selected clones and GST-Hrp1p+ Transcripts were successfully crosslinked to GST-Hrp1p (Fig+ 2, lanes 2-9)+ Since the specific activities of the labeled transcripts used in this experiment were equivalent, it appeared that C43 bound the best, followed by C16 and C50+ Although GAL7-3 and C30 were crosslinked to GST-Hrp1p, the signals were much weaker and detected only in long film exposures, indicating much weaker binding+ Labeled transcripts were not crosslinked to GST alone (data not shown)+ These results confirm that the RNAs were specifically selected by Hrp1p+
Binding of Hrp1p to selected RNAs
Three RNAs were chosen for more detailed binding studies: C43, a good binder of GST-Hrp1p that contains a second UA-rich element, C16, which contains only one UAUAUA element, and C30, which does not contain any UA-rich elements+ The binding efficiency of GST-Hrp1p to these RNAs was assayed by a mobility shift assay of [a- 32 P]-UTP-labeled transcripts in a nondenaturing gel in the presence of increasing amounts of protein+ Figure Figure 4B , the con- 
Crosslinking of Hrp1p to in vitro selected RNAs+ GSTHrp1p (0+3 mM) was mixed with different [a-32 P]-UTP-labeled RNAs (1+0 ϫ 10 6 cpm) and then irradiated with UV light+ After RNase digestion, samples were resolved by 10% SDS-PAGE+ Gels were dried and analyzed by autoradiography+ Lanes 2-9 correspond to in vitro selected RNAs presented in Table 1+ GAL7-3 (lane 1) and C30 (lane 10) were used as negative controls+ FIGURE 3. Gel mobility shift assay of Hrp1p with C16, C43, and C30 RNAs+ Approximately 40-50 fmol (6+0 ϫ 10 3 cpm) of [a-32 P]-UTP-labeled C16 (lanes 1-4), C43 (lanes 5-8), and C30 (lanes 9-12) were incubated with an increasing amount of GST-Hrp1p (0+1 mM, 0+3 mM, and 0+6 mM) for 15 min at room temperature+ In lanes 1, 5, and 9, protein was not added+ Binding reactions were resolved on 4% (37+5:1) polyacrylamide gels+ Gels were dried and analyzed by autoradiography+ centration of competitor RNAs was twice that in Figure 4A , indicating that binding of C43 is significantly tighter than that of C16 to GST-Hrp1p+ As expected, unlabeled C30 transcript had little effect on binding to GSTHrp1p (Figs+ 4A and 4B, lanes 9 and 10)+ Quantitative mobility shift assays were used to determine the binding affinity of GST-Hrp1p for these RNAs and the wild-type GAL7 RNA+ To compare RNAs of the same length, a 62-nt fragment of the 39 UTR of GAL7, which contains a stretch of eight UAs (Fig+ 5A), was inserted downstream of the T7 promoter+ Binding reactions were performed in triplicate in the presence of 10 fmoles of [a- 32 P]-UTP-labeled transcripts and increasing amounts of GST-Hrp1p in excess of RNA+ After resolving binding reactions by electrophoresis, gels were dried and exposed to a phosphorimager screen+ The fraction of bound RNA was determined and the dissociation constant (K d ) was obtained by plotting the fraction bound as a function of the log of the protein concentration+ Figure 5B shows representative binding curves for each RNA+ The dissociation constants for C43, C16, and GAL7 are 16 6 3 nM, 28 6 6 nM, and 90 6 20 nM, respectively+ The lower limit for the K d of C30, the negative control, is 2 mM+ These data show that GST-Hrp1p binds C43 with the highest affinity and with a lower affinity to C16 and wild-type GAL7+ Therefore in vitro selection did result in the identification of high affinity ligands+
Effect of methylation on the RNA binding ability of Hrp1p
The Hrp1p protein is methylated by Hmt1p (Shen et al+, 1998)+ As a step toward understanding the role of methylation of Hrp1p, we investigated the effect of methylation on GST-Hrp1p's ability to bind specifically to single-stranded RNA+ To obtain maximally methylated protein, we studied the saturation of methylation in the presence of increasing concentrations of HisHmt1p+ Enzyme to substrate molar ratios of 1:100, 1:10, 1:1, 10:1, and 50:1 were used to determine at which enzyme concentrations the methylation reaction is saturated+ These reactions were performed with 30 mM S-adenosyl-L-methionine (SAM) for 30 min at 30 8C and visualized by fluorography+ The reaction was maximal at an enzyme to substrate ratio of 10:1 under these conditions (data not shown)+ This result is reasonable because the methyltransferase reaction is subject to product inhibition by S-adenosyl-homocysteine, which is generated after the methyl group is transferred from SAM to the protein substrate (Bartel & Borchardt, 1984) + To quantify the number of methyl groups to the GSTHrp1p substrate, we used [methyl-3 H]-SAM to incorporate labeled methyl groups+ A 20:1 molar ratio of HisHmt1p to GST-Hrp1p was incubated at 30 8C for different times+ This time course is shown in Figure 6+ The amount of incorporation after 2 h was approximately 2 mol of methyl group per mol of GST-Hrp1p+
The relative abilities of methylated and unmethylated GST-Hrp1p to bind RNA were tested using the C16 RNA and the wild-type GAL7 RNA+ Figure 7 compares the binding curves of methylated and unmethylated GST-Hrp1p to the C16-labeled transcript+ The apparent K d for the methylated and unmethylated proteins are 20 nM and 28 nM, respectively+ This difference in K d is not significant+ The GAL7 RNA also showed no significant difference in binding to methylated versus unmethylated GST-Hrp1p (data not shown)+
Effect of RNA binding on Hrp1p methylation
We investigated the effect of RNA binding on methylation+ GST-Hrp1p was preincubated with RNA and then 8 in A and B) , and C30 (lanes 9-10 in A and B)+ In both panels, lane 1 contains only free labeled RNA, and no competitors were added to lane 2+ In A, competitors were added at a 50-fold (lanes 3 and 6), 150-fold (lanes 4,7, and 9), or 500-fold (lanes 5, 8, and 10) molar excess over the labeled RNA+ In B, the concentrations of competitors were twice that in A+ Complexes were resolved and analyzed as described for Figure 3+ methylated with Hmt1p as described in Materials and Methods+ Figure 8 shows the result of methylation in the presence of C43 and C30 RNA+ These studies focused on C43 since it has the highest binding affinity for GST-Hrp1p+ C30 was used as a negative control because its binding affinity is approximately 100-fold less than C43+ Coomassie staining showed that the amount of Hrp1p loaded was equal in all lanes+ Fig (Guo & Sherman, 1996) + B: Binding reactions were carried out in the presence of 10 fmol of [a-32 P]-UTP-labeled transcripts and increasing concentrations of GST-Hrp1p in excess of RNA and subjected to a quantitative gel mobility shift assay+ Representative curves for C43 (ࡗ), C16 ( ⅙ ), and GAL7 (▫ ) are shown+ The fraction of RNA bound was determined and plotted as a function of the log protein concentration to obtain the K d for each transcript+ Experiments were performed in triplicate and the standard deviation is reported as the error+ The dissociation constants are 16 6 3 nM, 28 6 6 nM, 90 6 20 nM, and Ն2 mM for C43, C16, GAL7, and C30, respectively+ FIGURE 6. Time course for methylation of Hrp1p by a 20-fold molar excess of His-Hmt1p+ Methylation reactions were carried out in the presence of 0+48 mM GST-Hrp1p, 9+5 mM His-Hmt1p, 30 mM SAM, 1+5 mM [methyl-3 H]-SAM, in 20 mM HEPES, pH 8+0, 400 mM KCl, 2 mM EDTA buffer at 30 8C+ Aliquots were removed in duplicate at the indicated time points for analysis+ A reaction with no enzyme was incubated for 2 h to determine the background level of methylation+ The greater inhibition of methylation by C43 demonstrates the specificity of the effect+
DISCUSSION
Hrp1p binds to the efficiency element for 39-end formation, UAUAUA
Using in vitro selection, Hrp1p was shown to bind RNAs that contain the sequence UAUAUA+ This sequence is identical to the efficiency element that, together with the positioning element and the poly(A) site, allow for proper 39-end formation of mRNAs in yeast (Irniger & Braus, 1994; Guo & Sherman, 1996; Wahle & Keller, 1996; Keller & Minvielle-Sebastia, 1997 )+ The RNAbinding site described here for Hrp1p is in agreement with a previous report that studied binding of Hrp1p to the GAL7 pre-mRNA (Kessler et al+, 1997) , which contains an efficiency element (Abe et al+, 1990 )+ Hrp1p did not crosslink efficiently to a mutated GAL7 transcript (GAL7-3) in which six out of the eight UAs were deleted from the 39-UTR of the RNA (Kessler et al+, 1997 )+ Having determined that Hrp1p binds UAUAUA-containing ligands with an affinity in the nanomolar range, we were able to study the effects of methylation on Hrp1p-RNA interactions+
Methylation does not affect the RNA-binding activity of Hrp1p
A long-standing hypothesis of many investigators in the field has been that methylation of RNA-binding proteins affects protein:RNA interactions (Calnan et al+, 1991; Kiledjian & Dreyfuss 1992; Liu & Dreyfuss 1995; Gary et al+, 1996; Mears & Rice 1996; Siebel & Guthrie 1996; Kim et al+, 1997 )+ However, to date only one previous study has addressed this question (Rajpurohit et al+, 1994) and found that methylation decreased the nonspecific binding of hnRNP A1 to nucleic acids+ In contrast, using the in vitro-selected RNAs generated here, we report that there is no significant difference in the apparent dissociation constants for specific binding of methylated or unmethylated GST-Hrp1p to UAUAUAcontaining RNAs+
Because no change in the binding of GST-Hrp1p to RNA was observed upon protein methylation, it was important to determine the extent of methylation of this protein+ While the exact sites of methylation have not been elucidated for Hrp1p, it does contain three consensus RGG sites (Henry et al+, 1996) , which were identified in several other proteins characterized for this modification (Lischwe et al+, 1985; Williams et al+, 1985; Lapeyre et al+, 1986; Christensen & Fuxa, 1988; Kim et al+, 1997 )+ Under the methylation conditions presented in this paper '2 mol of methyl groups are present per mol of GST-Hrp1p+ If there are three possible sites and each arginine can be either mono-or dimethylated, our protein would be '33% methylated; the population may be heterogeneous, including fully methylated and unmethylated molecules of Hrp1p+ We may not detect a difference in RNA binding of methylated versus unmethylated Hrp1p because the protein may not be fully methylated, yet Rajpurohit et al+ (1994) report that a methylation level of 18% for hnRNP A1 decreases the relative binding affinity of A1 for nonspecific nucleic acid substrates+ This result suggests that at our level of methylation we should be able to detect a significant effect on RNA binding+ However, the binding affinity of Hrp1p for the efficiency element is three orders of magnitude greater than that measured by Rajpurohit et al+ (1994) for hnRNP A1 binding to ssMS2-RNA+ It is therefore possible that we do not see an effect of methylation on binding because of the higher affinity interaction between Hrp1p and its RNA substrate+
RNA binding inhibits methylation of Hrp1p
We investigated the effect of RNA binding on methylation of Hrp1p to gain insight into the order of these two events+ When RNA was bound first to GST-Hrp1p, the methylation reaction was inhibited+ This effect was specific, as less inhibition was observed with a negative control RNA than with the specific, tightly binding RNA+ This result implies that Hrp1p can only be methylated when it is not bound to RNA+ We conclude that the high affinity binding site for Hrp1p is the UAUAUA efficiency element for 39-end formation and that methylation of Hrp1p does not affect specific binding to RNA+ How then does methylation affect Hrp1p function? Having ruled out an effect of methylation on specific RNA binding, studies can now focus on whether methylation has an effect on protein: protein interactions+ Hrp1p has been found to be associated in complex with several other proteins of the polyadenylation machinery (Kessler et al+, 1997)+ Methyl-FIGURE 8. Effect of RNA binding on Hrp1p methylation+ GST-Hrp1p was incubated with unlabeled C43 (lanes 2-5) or C30 (lanes 6-9) RNA prior to the addition of Hmt1p+ Methylation reactions were incubated for 40 min and resolved by SDS-PAGE followed by Coomassie staining (bottom panel) and fluorography+ The percent inhibition of methylation is shown+ Lane 1 corresponds to the methylation reaction in the absence of RNA+ ation may modulate Hrp1p's interaction with these proteins or other proteins involved in nuclear export+ In addition we have shown that the presence of RNA is able to inhibit methylation of Hrp1 in a specific manner, suggesting that newly synthesized Hrp1p is methylated upon entry into the nucleus, before it binds RNA and shuttles into the cytoplasm+
MATERIALS AND METHODS
Oligonucleotides, plasmids, and enzymes
The oligonucleotides used for in vitro selection were (Tsai et al+, 1991) Linear N25: 59-TGGGCACTATTTATATCAAC (N) 25 AATGTCGTTGGTGGCCC-39; T7Univ: 59-CGCGGATCC TAATACGACTCACTATAGGGGCCACCAACGACATT-39; and RevUniv: 59-CCCGACACCCGCGGATCCATGGGCACTATT TATATCAAC-39+ The GAL7 construct used for in vitro transcription was prepared by PCR using the pJCGAL7-1 as template (Chen & Moore, 1992 ) and the following primers: GAL7A: 59-CGCGGATCCTAATACGACTCACTATAGCTTGA ACGGAGTGACAA-39 and GAL7B: 59-CCCGACACCCGCG GATCCAGATTTACAGATAATGAT GTC-39+ The pJCGAL7-3 construct for in vitro transcription has been published (Chen & Moore, 1992 )+ pBluescript SKϩ (BamHI site) was used to clone the 39 region of the GAL7 gene and the products of RT-PCR after in vitro selection+ Restriction endonucleases and T4 DNA ligase were obtained from New England Biolabs, Taq DNA polymerase from Perkin-Elmer, T3 and T7 RNA polymerases and reverse transcriptase from GIBCO-BRL, RNase-free DNase (RQ1) and rRNasin from Promega and Sequenase version 2+0 sequencing kit from United States Biochemicals+ Glutathione-sepharose was obtained from Pharmacia+ [a-32 P]-dCTP (3,000 Ci/mmol) and [a-32 P]-UTP (3,000 Ci/mmol) and [methyl- 3 H]-S-adenosyl-L-methionine (78 Ci/ mmol) were purchased from NEN-Dupont+
Protein purification
The GST-HRP1 expression vector (pGEX-HRP1) used to express GST-Hrp1p was published previously (Kessler et al+, 1997 )+ DH5a Escherichia coli transformed with pGEX-HRP1 was grown at 30 8C to an OD 600nm ϭ 0+6 and induced at 30 8C for 3 h with 1 mM IPTG+ Cells were then pelleted and stored at Ϫ80 8C until use+ Cell pellets were resuspended to 10 mL/L of culture in Buffer A (50 mM Tris, pH 8+0, 200 mM NaCl, 2+5 mM EDTA) ϩ 0+5% Tween-20 and protease inhibitors mix (Boehringer Mannheim)+ Cells were lysed by six passes through a French press at 8,000 psi+ The lysate was cleared by centrifugation at 19,000 rpm for 30 min and passed over a 2-mL glutathione-sepharose column after equilibration with PBS+ The column was washed with four column volumes of Buffer A ϩ 0+5% Tween-20, followed by three column volumes of Buffer A+ GST-Hrp1p was eluted with 100 mM Tris, pH 8+0, 500 mM NaCl, and 20 mM glutathione (Sigma)+ Protein was pooled and dialyzed overnight into Buffer B (20 mM HEPES, pH 8+0, 200 mM KCl, 5% glycerol, 2 mM EDTA, and 1 mM DTT+) Binding and methylation studies of GST-Hrp1p were performed in Buffer B+ The His-HMT1 expression vector (pGEX-4T-HMT1) used to express His-Hmt1p and the purification of His-Hmt1p were described previously (Shen et al+, 1998 )+
In vitro selection
The in vitro selection was carried out essentially as described (Tsai et al+, 1991; Sakashita & Sakamoto, 1994 )+ Briefly, the linear N25 oligonucleotide library was initially amplified by PCR using the T7Univ and RevUniv primers and used to generate a pool of randomized RNA by in vitro transcription+ RNA transcripts were treated with DNase and extracted with phenol/chloroform/isoamyl alcohol followed by ethanol precipitation+ The pellets were resuspended in DEPC-treated water+ GST-Hrp1p (3-5 mg) bound to 10 mL of glutathionesepharose (50% slurry) was mixed with an aliquot of randomized RNAs in RNA-binding buffer (20 mM Na-HEPES, pH 7+9, 200 mM KCl, 5% glycerol, 1 mM DTT, 0+1 mM PMSF, 10 mg/mL aprotinin, 0+1% Triton X-100) supplemented with yeast tRNA and RNasin and incubated for 1 h at 4 8C with rocking+ After extensive washing with RNA-binding buffer, GSTHrp1p bound to RNA was eluted from the beads by adding GST elution buffer (10 mM glutathione in 50 mM Tris-HCl, pH 8+0) and incubating for 15 min at room temperature+ Selected RNAs were phenol/chloroform extracted, ethanol precipitated, and reverse transcribed, generating PCR templates for the next round of selection+ The selection was carried out for six rounds+ To evaluate the enrichment of GST-Hrp1p binding sequences, [a- 32 P]-UTP-labeled, in vitro transcripts were prepared from the initial amplified library and from DNA template pools obtained after each round of selection+ After DNase treatment, transcripts were phenol/chloroform/isoamyl alcohol extracted and unincorporated [a- 32 P]-UTP was removed by using a Sephadex-G50 spin column+ Labeled transcripts were analyzed on a 6% polyacrylamide-urea gel, quantified spectrophotometrically and the [a-
32 P]-UTP incorporation measured by scintillation counting+ The same cpm for each transcript was used in the binding reaction and the radioactivity bound to the beads was compared after extensive washing+
Cloning and sequencing
Double-stranded DNA obtained by RT-PCR after the last round of in vitro selection was digested with BamHI and cloned into pBluescript SKϩ+ Plasmid DNA was prepared from several clones and inserts sequenced by dideoxy chain termination method+
UV crosslinking
Binding reactions (20 mL) were set up in RNA-binding buffer (without rRNasin) using 0+3 mM of GST-Hrp1p or GSTp and 0+5-1 ϫ 10 6 cpm of [a-32 P]-UTP-labeled, in vitro transcript+ Reactions were incubated for 15 min at room temperature+ UV crosslinking was performed essentially as described (Kessler et al+, 1997 )+ Samples were treated with RNase and subjected to electrophoresis on 10% polyacrylamide-SDS gels+ Gels were Coomassie stained to evaluate protein loading, destained, dried, and analyzed by autoradiography+
Mobility shift assay
The basic protocol consisted of binding different concentrations of GST-Hrp1p to 40-50 fmol of [a- 32 P]-UTP-labeled, in vitro RNA transcripts in RNA-binding buffer for 15 min at room temperature+ After the addition of 5% (v/v) glycerol, complexes were resolved using 4% (37+5:1) polyacrylamide gels+ Electrophoresis was carried out using 1ϫ TAE running buffer and gels were dried and subjected to autoradiography+ In the competition experiments, increasing amounts of unlabeled, in vitro transcripts were added to the binding reactions+ To evaluate the fraction of RNA bound and estimate the dissociation constant of a specific transcript, binding reactions were performed in the presence of 10 fmol of [a-
32 P]-UTP-labeled transcript and several concentrations of GST-Hrp1p+ In these experiments, dried gels were exposed to a phosphorimager screen for quantification+ The K d was estimated by plotting the fraction RNA bound as a function of protein concentration+ These experiments were performed in triplicate+
Methylation of GST-Hrp1p for RNA binding
The methylation of GST-Hrp1p was carried out as previously described (Shen et al+, 1998 )+ Briefly, GST-Hrp1p was methylated using a 20-fold molar excess of His-Hmt1 enzyme in the presence of 20 mM HEPES, pH 8+0, 400 mM KCl, 2 mM EDTA, and 30 mM SAM (Sigma)+ To quantitate the amount of methylation in this reaction, [methyl- 3 H]-SAM (specific activity 3+62 Ci/mmol; NEN Dupont) was used+ Unincorporated and incorporated label were separated using TCA precipitation and formic acid resuspension as described (Najbauer et al+, 1992 )+ Incorporated label was measured by scintillation counting+ The efficiency of precipitation was determined using densitometry to compare unprecipitated to precipitated protein amounts after resolution by SDS-PAGE+ The counting efficiency for 3 H was 52%+ For comparative RNA-binding experiments, methylation reactions were incubated at 30 8C for 2 h before adding RNA+ Binding was performed as described above+ Hmt1p alone was incubated with RNA as a negative control+ Hmt1p did not shift any of the RNA probes+ For the methylation reaction in the presence of RNA, GSTHrp1p (0+35 mM) was incubated in the binding reaction mixture with increasing concentrations of in vitro transcribed RNA+ Binding reactions were incubated at room temperature for 15 min before adding the methylation reaction mixture+ The final concentrations of the methylation components were 30 mM SAM, 0+035 mM His-Hmt1 enzyme, and 3 mCi [methyl-3 H]-SAM (specific activity 80 mCi/mmol) in a 20 mL final reaction volume+ The methylation reaction was incubated at 30 8C for 35 min and stopped by adding 5 mL of 5ϫ Laemmli sample buffer and boiling+ Samples were resolved by SDS-PAGE followed by Coomassie staining and fluorography+ The autoradiograph was exposed for 4 days+
